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Abstract 
 The remarkable chemical diversity of the biological landscape requires information rich 
approaches to broaden our understanding of the heterogeneity that exists within the tissues 
and cells of organisms.  It seems intuitive that different tissues will exhibit stark heterogeneity 
in terms of the chemical composition compared to one another, but this chemical diversity 
even exists between neighboring cells within the same tissue section thus highlighting the need 
for single cell analysis.  Capillary electrophoresis (CE) as the separation mechanism coupled with 
laser-induced fluorescence (LIF) detection is a particularly powerful combinatory technique for 
single cell analysis due to its ability to probe both mass and volume limited samples, produce 
high separation efficiencies, and detect and quantitate low abundance analytes. 
 This study hyphenates a single-beam optical trap with CE and multichannel LIF 
detection.  Cell localization is achieved with the trap’s utilization of light’s ability to impart 
momentum on the order of 10-12 N, and then a micromanipulator controlled using a computer 
allows for the positioning of the capillary inlet near the cell.  Single cell injections can also be 
attained via the positioning of the capillary inlet near a cell using a micromanipulator followed 
by aspiration of the cell using a pressure gradient.  Cell lysis is achieved within the capillary inlet 
via hydrodynamic injection.  The sample is then separated using -30 kV in a CE separation and 
detected via LIF.  The system enables injections of individual HL-60 cells that have been stained 
with the fluorescent dye naphthalene-2,3-dicarboxaldehyde (NDA) to impart fluorescence to 
the ubiquitous scavenger molecule glutathione and dihydrorhodamine-123 (DHR-123), which 
reverts to its fluorescent form of Rh-123 upon exposure to reactive oxygen species (ROS).  The 
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detection of glutathione derivatized with NDA allows for a quantitative measure of the cellular 
response to the presence of ROS and the detection of Rh-123 allows for a direct measurement 
of the exogenous ROS that have come in contact with the cell.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
Acknowledgements 
 I would like to begin by thanking several faculty members and scientists during my stay 
with the Department of Chemistry at the University of Illinois at Urbana-Champaign.  Firstly, I 
want to thank Professor Jonathan V. Sweedler for his tremendous support both in and out of 
the laboratory.  My personal experiences in life have fostered a strong commitment and 
conviction to use science as a powerful tool for philanthropy and the social empowerment of 
others through research, education, and mentorship.  Professor Sweedler has demonstrated 
mastery of all three in so many ways, particularly through his relationship with his students.  I 
can recall nearly every conversation I have had with the man, and each time I walked out 
awestruck at the concern he had for me both as a scientist and as a human being.  I will forever 
be indebted to his kindness, and I hope to perpetuate his legacy through my steadfast 
commitment to a life of service through science.  Another professor who has been an 
indispensable resource during my tenure in the Sweedler group was Professor Richard Perry.  
The similitude of our narratives was not something one could make up, and I wish him the best 
at UIUC in terms of prosperity and health.  I would also like to thank Dr. Nora Few and Dr. Jim 
Hall of the Medical Scholars Program who had faith in me when despondency clouded my own 
resolve.  They reminded me that the notion of family was not restricted to ties of kinship but 
rather was inherent to the human condition, thereby blurring lines of creed, nationality, race, 
and gender.  Finally, I wanted to thank Dr. Christian Ray for reminding me why I wanted to be in 
science on a daily basis—for the future generation of thinkers and problem solvers whose 
greatness can only be manifested and potential fully realized through compassion and faith in 
people when all others may deem them unfit for a particular path.   
v 
 
 My experience in the laboratory could not have been possible without the expertise and 
knowledge of Dr. Christine Cecala through her countless hours in constructing this powerful 
instrument.  Dr. Christopher Dailey provided a level insight into optics that could not be accrued 
through books but rather actual hands on experience.  He made me develop a level of self-
confidence that is essential in research and instrumentation.  Dr. Stanislav Rubakhin is one of 
the kindest and most knowledgeable people I have met at this institution.  He always made 
himself available and would set aside time in his schedule upon a mere request.  Mr. Kyle Webb 
from SCS Electroncics was a sea of knowledge and was always willing to help out, whether I had 
serious issues with tasks such as alignment and electronics or something as simple as needing a 
spare part.  Finally, Dr. Guy Garty helped me complete my most significant project on this 
system, for which I am very grateful.  Even upon the completion of my thesis, he and I will 
continue our collaboration in the study of reactive oxygen species.  Several group members 
allowed for an enjoyable social and academic experience in the Sweedler group, particularly the 
members Eric Lanni, Ning Yang, Jordan Aerts, Itamar Livnat, Emily Tilmaand, and Amit Patel and 
visiting scientists like Dr. Zhiyong Yang and Dr. Weiping Wang.  Their insights proved to be 
helpful time and time again.   
 Outside of campus, I would like to thank each and every member of the Muslim 
community in Champaign-Urbana.  The people I have met, particularly Ahmed Khorshid, Rashid 
Tahir Khan, Zuhaib Sheikh, Farhan Abbas Syed, Usamah Zahid, and Izzat El-Hajj, showed me that 
the true measure of one’s faith is through good character.  These people showed me that the 
most decorated scholar or the most outwardly pious individual has achieved nothing if he or 
she has not understood the importance of good character.  I cannot describe in human 
vi 
 
language the place they have attained in my heart, and I hope that one day we can all use the 
skills we have accrued in our respective fields to become indispensable assets to society.  
 Finally, I want to thank my mother and father for their love, guidance, and prayers.  I 
hope one day I can embody even a fraction of goodness that permeates in every aspect of their 
being.   
 
 
 
 
 
 
 
 
 
 
 
 
 
vii 
 
Table of Contents 
 
1 Introduction ………………………………………………………………………………………………………………1 
1.1 Research Motivation ......................................................................................1 
1.2 Thesis Overview …………………………………..…………………………………………………………2 
1.3 Conclusions …………………………………………………………………………………………………….3 
2 The Multi-Channel Capillary Electrophoresis with Laser Induced Fluorescence (MC-CE  
 LIF) Detection System ………………………………………………………………………………………………..5 
2.1 Introduction ……………………………………………………………………………………………………5 
2.2 Instrumentation ……………………………………………………………………………………………..6 
2.3 Optimization ……………………………………………………………………………………………..…..7 
2.4 Operation …………………………………………………………………………………………………....20 
2.4.1 Capillary Installation ………………………………………………………………………………..…..20 
2.4.2 General Preparatory Work ……………………………………………………………………..…….28 
2.4.2.1 Buffer Preparation …………………………………………………………………………………..…..28 
2.4.2.2 Micro and Nanovial Maintenance ……………………………………………………………..….28 
2.4.2.3 Capillary Conditioning …………………………………………………………………………………..30 
viii 
 
2.4.3 Flow Rate ……………………………………………………………………………………………..………31 
2.4.4 Current Stabilization and the Initial Buffer Run …………………..………………..……..32 
2.4.5 Sample Injection …………………………………………………………………………………..………34 
2.4.6 Laser and Software Operation ………………………………………………………….…….…….38 
2.4.7 Application of High Voltage …………………………………………………………….……….…..39 
2.4.8 Data Analysis ……………………………………………………………………….……….…………..…39 
2.5 References ……………………………………………………………………………………………………40 
3 Measurement of Reactive Oxygen Species (ROS) and Cellular Response of GSH via 
 Fluorescent Derivatization using Multi-Channel Capillary Electrophoresis Laser Induced 
 Fluorescence (MC-LIF) ……………………………………………………………………………………………..41 
3.1 Introduction …………………………………………………………………………………..…………….41 
3.2 Materials and Methods …………………………………………………………………..……………46 
3.2.1 Chemicals ………………………………………………………………………………………..…………..46 
3.2.2 Cells …………………………………………………………………………………………………..…………46 
3.2.3 Electrophoresis …………………………………………………………………………………..………..47 
3.2.4 LIF Detection System ……………………………..………………………………………………...….48 
3.2.5 Single Cell Injections …………………………………………………………………..………………..50 
ix 
 
3.3 Results and Discussion …………………………………………………………………..…………....52 
3.3.1 Overview of Experimental Mechanism .........................................................52 
3.3.2 Measurement of Fluorescence Signal using Standards ………………………..……….55 
3.3.3 Measurement of Fluorescence Signal using Bulk (Multiple) Cell Solutions .....63 
3.3.4 Measurement of Fluorescence Signal using Single Cells ………………………………..67 
3.4 Conclusions and Future Work ……………….......................................................76 
3.5 References ……………………………………………………………………………………………………78 
 
 
1 
 
1 Introduction 
1.1 Research Motivation 
The system described in this thesis was designed specifically to augment the biological 
understanding of the heterogeneity exhibited by single cells, which cannot be achieved by 
instrumental schemes that are limited to the analysis of biological samples at the tissue level.  
The limitations of tissue analysis become clear, for example, in the ascertainment of the 
chemical response of a cell to exogenous and deleterious molecules.  This response is 
dependent on a plethora of factors that are unique to that cell—location within the tissue, 
duration and strength of exposure to the external stressor, internal cell content, and 
physiological and chemical state of the cell.  All these variables can change drastically from cell 
to cell, and the process of averaging out cellular content that is inherent to tissue level 
quantitative analysis would result in the loss of important information thereby hampering the 
understanding of critical cellular and biological processes. 
Capillary electrophoresis (CE) was chosen as the foundation of the instrumentation 
described in this thesis, and multiple technologies were coupled with CE to further increase the 
efficacy of this system in single cell analysis for several biological problems.  CE is particularly 
useful due to the simplicity in its operational principles; one can quantitate cellular contents 
upon their ionization and differential migration in a charged background matrix due to 
differences based on the effective charge of each analyte.  CE is also well tailored for the 
analysis of volume limited samples, such as cells, because of the dimensions of silica fused 
capillaries used to separate analytes.  Coupled with single cell sampling methods, like the 
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optical trapping capacity of this instrument, CE can readily provide the analysis of single cells.  
Depending on the detection scheme employed by one’s system, one can obtain sensitive and 
specific measurements for trace analyses of low abundance analytes.  This system in particular 
utilizes laser induced fluorescence (LIF) in the detection of both natively fluorescent and 
derivatized species.  In addition to the temporal resolution afforded via the differential 
migration of ionized analytes that is inherent to the CE process, the detection scheme of this 
system is equipped with multiple photomultiplier tubes (PMTs) that, coupled with other optical 
components, allow for an additional layer of resolution of analytes based on their 
spectroscopic/fluorescent properties thereby allowing for a multi-channel capillary 
electrophoresis (MC-CE).   
1.2 Thesis Overview 
My primary contribution to this project manifested itself in the development of both 
optimization and operational protocols for the MC-CE LIF system and a collaborative biological 
study that investigated the role of the ubiquitous scavenger molecule glutathione in response 
to external stress in the form of reactive oxygen species (ROS).  In chapter 2, I begin by 
presenting an overview of the instrumentation that constitutes our MC-CE LIF system.  The 
chapter then proceeds to describe in great detail the optimization procedure required to attain 
sensitive limits of detection (LODs) for the quantitation of low abundance biological samples.  
This optimization procedure describes the procedure using both text and detailed diagrams; 
due to the cumbersome and rigorous nature of the optimization process, digital media files in 
the form of tutorial videos also accompany this thesis.  The chapter concludes with a complete 
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operation procedure that discusses all the components one must be acclimated with, from 
sample injection to data analysis.  This section is also accompanied with its corresponding set of 
tutorial videos.  In chapter 3, a collaborative effort between the Sweedler group, represented 
by Jonathan Sweedler and myself, and the Brenner team, represented by Guy Garty, M. 
Buonnanno, D.J. Brenner, and Sánchez-Mayoral, is presented.  In this study, we sought to 
further our understanding of the molecule glutathione as a scavenger of ROS.  We began by 
testing the suitability of our instrumentation for this biological study via the detection of 
standards at various concentrations.  Upon confirming the viability of our instrument for this 
project, we tested low volume samples that were lysed and homogenized for our target 
analytes, which effectively served as a quantitative analysis at the tissue level.  Finally, we 
extended our study in the analysis of single cells, where both ROS production, via the detection 
of Rh-123, and the biological response to the presence of ROS, via the detection of glutathione 
derivatized with NDA, were measured.   
1.3 Conclusions 
Before a formal compilation of an optimization and operational procedure for this MC-
CE LIF instrument, I was able to impart the knowledge of these tasks to two undergraduate 
students, Robert Swanson and Ahamed Milhan, and two visiting scientists, Dr. Zhiyong Wang 
and Dr. Guy Garty.  While preparing these protocols both in their written and electronic format, 
I successfully completed the training of a graduate student, Amit Patel, in the operation of this 
instrument.  Although more anecdotal experience will be required to push the LODs even lower 
and gain an intuitive understanding in the optimization of the optical system intrinsic to the 
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MC-CE LIF system, I am confident that both the experience and material bequeathed to Mr. 
Patel will be sufficient in his utilization of this instrument for a plethora of projects.   
While great progress was made in performing small volume (and single cell) 
measurements, more work is required to complete the collaborative study of glutathione and 
ROS.  Ultimately, the goal of demonstrating the creation of ROS through an appearance of an 
Rh-123 signal where the original reagent used to stain the cells was DHR-123 and ascertaining a 
molar ratio of GSH to GSSG in a single cell was not possible.  However, many important steps 
were achieved in attaining the aforementioned goal.  The MC-CE LIF configuration that used 
three PMT channels to detect fluorescence after analytes were irradiated with a 224 nm HeAg 
pulsed laser was fully capable of detecting standards, bulk (multiple cell lysate) samples, and 
single cells.  Furthermore, the fluorescence data was consistent with the fluorescence 
excitation and emission profiles of Rh-123 and NDA.  Finally, the positive control experiments 
both in multiple cell lysate and single cells demonstrated conspicuous peaks that were 
identified as the analytes of interest.  Additional experiments, which are not included in this 
thesis, are being performed to conclude this project.   
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2 The Multi-Channel Capillary Electrophoresis with Laser Induced Fluorescence (MC-CE 
LIF) Detection System 
Notes and Acknowledgements  
I would like to begin by thanking previous Sweedler group members, particularly Dr. 
Christine Cecala and Dr. Christopher Dailey, for imparting me with their knowledge and training 
of this system.    I would also like to thank Professor Jonathan Sweedler for his support both in 
and out of the laboratory.  Funding for this work was provided by Award Nos. CHE-11-11705 
from NSF Division of Chemistry (with co-funding from the Division of Biological Infrastructure), 
DA018310 from the National Institute on Drug Abuse to J.V.S. 
2.1 Introduction  
The overarching goal of this chapter is to describe the laboratory assembled multichannel 
capillary electrophoresis with laser induced fluorescence detection (MC-CE LIF) system.  While 
aspects of its operation and optimization have appeared in prior group publications and 
notebooks, the description provided here is intended to be complete enough to provide future 
group members a training and operation manual.  Towards this goal, the chapter is divided into 
three parts: instrumentation, optimization, and operation.  It is assumed the reader is familiar 
with the general principles of CE1 and LIF detection.2  In instrumentation, an overview of the 
different components is provided, discussing the different components required to construct 
the MC-CE LIF system.  In optimization, the alignment process is discussed with figures showing 
how to achieve a system with acceptable limits of detection.  In operation, the operational 
protocols capillary installation, general preparatory work, setting sheath flow rate, monitoring 
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current (also known as a blank run), injecting sample, operating software, adjusting high 
voltage, data analysis are discussed. 
2.2 Instrumentation 
 This section is heavily adapted from the dissertation of Dr. Christine Cecala, which was 
used to construct the current optical system.3  The excitation source is provided by a HeAg 
hollow cathode ion laser with emission at 224.6 nm (HeAg70, Photon Systems Inc., Covina, CA), 
which corresponds to the deep UV.  Internally, the light is spectrally filtered using a four-bounce 
mirror configuration, which is attached to the front of the laser head.  The resultant beam is 
immediately directed to two UV-coated mirrors (Thorlabs, Newton, New Jersey) configured to 
create a “z-shaped” beam path.  Following reflection off of the second mirror in this 
configuration, incident light is brought into a laboratory-built light proof non-conductive box 
and breadboard.  It is critical to note that although the box itself was non-conductive (essential 
to the proper functioning of the housed detection optics i.e. photomultiplier tubes (PMTs) and 
corresponding circuit boards), the problem of spurious arcing still plagued earlier designs of the 
system, thus requiring several modifications to the components holding the optics in place, 
including screws, mounts, and grounding wires. 
Once the collimated incident light is introduced into the aforementioned box, it is 
focused using a plano-convex lens (OptoSigma, Santa Ana, CA), termed FO (focusing optic), to a 
50 μm spot below the outlet of the capillary for irradiation of the fluorescent analytes in a 
custom-built sheath flow cell.  The subsequent emission of light by these molecules is collected 
and collimated by a 15x all-reflective objective (12596, Newport Corp., Irvina, CA), termed CO 
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(collection optic).  Previous studies using this system implemented a capillary outlet that had 
been etched using HF into a cone shape, but the analysis of ROS in Chapter 3 did not use that 
experimental scheme.  The resultant fluorescence is directed towards two dichroic mirrors 
(310dcxxr-haf #110258 and 400dcxru #111563, Chroma Technology, Rockingham, VT).  These 
mirrors are used in the creation of wavelength channels, whereby the three PMTs (H6780-06, 
Hamamatsu, Middlesex, NJ) are used to collect photons across different wavelengths of light.  
Light reflected off of the first dichroic is collected by PMT 1, thereby creating the first 
wavelength channel.  This channel measures emission from 250 nm to 310 nm and is termed 
“blue” for being blue shifted.  Light transmitted through the first dichroic mirror and is reflected 
off the second dichroic mirror is collected by PMT 2.  This channel measures emission from 310 
nm to 400 nm and is termed “green” for being intermediate in its red shift.  Finally, the light 
transmitted through the second dichroic is collected by PMT 3, which effectively leads to the 
creation of the third channel.  This channel measures all fluorescence above 400 nm and is 
termed “red” for being most red shifted.  Software provided by Photon Systems Inc., which is 
written in LABView, is used to control both the laser and the PMTs. 
2.3 Optimization 
The optimization process is divided into two overall steps: coarse alignment and fine 
alignment.  The former was characterized by several versions of operational manuals provided 
by Dr. Christine Cecala, but the latter was far more difficult to articulate textually; therefore, 
this section is also accompanied with additional electronic material.  Ultimately, the goal was to 
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posit a streamlined approach to fine alignment that could be conveyed through a combination 
of textual, pictorial, and digital media resources.  All three are included in this section.   
  Fluorescein is introduced into the capillary, and because its fluorescence is easy to 
visualize, it makes an effective system for coarse alignment.  Here, a concentration of 500 μM 
was used.  The primary objective of coarse alignment is to be able to both manually confirm the 
brightest possible fluorescence at the sheath flow cuvette and capture fluorescence signal in 
the third PMT in the multi-channel system.  Achieving the former provides sufficient signal in 
PMT 3 that could then be adjusted visually (through the use of a white card to visualize 
fluorescence) and electronically through the PMT read out.  Once both conditions are satisfied, 
one would commence with fine alignment, which necessitates lower concentrations of 
fluorescein and light-proof conditions to detect subtle changes in the amount of photons picked 
up by the PMTs. 
The following scheme is critical in the description of the dimensions along which 
different optical components are moved.4  This scheme assumes one is looking down on the set 
up: 
      CO 
 FO  Cuvette  
X = movement along the axis connecting the CO and cuvette 
Y = up-down movement (out of plane) 
Z = movement along the axis connection the FO and cuvette 
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The excitation source begins from the laser, where the beam is to exit the plasma 
rejection filter with minimal divergence.  Using a target at different distances is a mechanism to 
confirm divergence has been minimalized; if changing the distance to the target does not result 
in a change in where the beam hits the target, one has achieved this step.  Both mounting of 
the laser and alignment of the plasma rejection filters could be sources of divergence, thus they 
are to be assessed carefully.  Upon leaving the laser cavity, the beam is directed to two UV 
mirrors, creating a Z-shaped beam path.  The cuvette is then mounted in its position, and a 
capillary is inserted at a distance such that the laser irradiates the capillary.  To ensure that the 
laser irradiation is incident upon the capillary, the x-direction in the aforementioned scheme is 
to be manipulated.  This is to be done by adjusting the knob responsible for movement along 
the x-direction, which is found on the magnetic mount.  This irradiation can be confirmed by 
placing a target on the far side of the cuvette (along the z-axis) and moving the capillary back 
and forth (along the x-axis) and observing what kind of image is formed due to scattering of the 
laser beam on the target. 
At this point, the excitation source is hitting the capillary directly, so 500 μM of 
fluorescein is added.  This concentration has been chosen as it shows bright fluorescence at 
both stages during coarse alignment—while trying to visualize fluorescence by eye (manually) 
and trying to locate fluorescence on PMT 3 (electronically).  During fine alignment, however, 
lower concentrations will be required since higher concentrations result in the incident light 
hitting the front edge of the sample stream as opposed to the center (where the analytes elute 
out of the capillary).  This is another reason why using etched capillaries are capable of 
improving LODs by an order of magnitude as they help localize the beam right at the exit 
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aperture of the capillary, thereby improving laser irradiation of the fluorescent analytes.  The 
capillary is to be raised by using the knob on the magnetic mount holding the entire 
cuvette/capillary apparatus (the y-direction).  The capillary is to be raised such that incident 
light is now hitting the sample stream.  Once the laser beam is hitting the fluorescein stream at 
the brightest intensity, which is to be gauged by eye, the focusing optic (FO) can be mounted.  
The most essential part of this step is having the laser beam pass through the center of this 
optic.  This is to be done using the knobs on the mount of the FO for its movement along the x- 
and y-axes.  The distance between the FO can be approximated as approximately the focal 
length initially; however, the final distance will be determined at the end of the coarse 
alignment step where PMT 3 is used to electronically ascertain the correct distance.  
The collection optic is now mounted at its designated position behind the cuvette.  The 
CO can be adjusted both in the y- and z- directions using the knobs on its mounts so that if one 
observes along the x-axis, the capillary and resultant fluorescence is seen as being at the center 
of the metal holding the collimating mirror in the CO as represented by Figure 2.1. 
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The beam can now be visualized using a thick piece of white construction paper behind 
the CO.  The image should resemble a circle with an X/cross in it, as this is the image made after 
the collected fluorescence has been collimated.   
Once the aforementioned image is confirmed visually, PMT 3 can be installed ~ 7-8 
inches behind the CO as shown in Figure 2.2.  The beam should be first visualized to see if it is 
hitting the center of PMT 3.  If detection of the circular shape with an X at the middle becomes 
Figure 2.1  Depiction of cuvette/capillary aligned with FO along the z-
axis and the CO along the x-axis.  Note how the capillary is brought at 
the center of the X-shaped metal ring, which holds the collimating 
mirror in the CO.  
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difficult, the laser power can be increased (coarse alignment should generally be done above 15 
A with a 3 Hz rep rate). 
Once the spot is detected using a paper, PMT 3 should be moved across the z-axis until 
it is centered with where the fluorescence is hitting the paper.  The height of the PMT should be 
measured as the same height as the X-shaped metal ring in the CO.  This way, one does not 
change the height of the beam to match the PMT.  Although this will eventually be done, it 
should not be used as the primary mechanism to change height.  The reason for this is the 
beam could actually be divergent i.e. being deflected in the y-direction, so one is actually 
modifying the height of PMT 3 to “catch” the beam at height at which the beam diverges 
approximately 7-8 inches away from the CO.  Instead, the knobs on the mount holding the CO 
should be adjusted to show the correct fluorescence image on the card as it is being 
manipulated to match the detection window of the PMT.  That way, divergence in the y-
direction is minimized and minor, iterative adjustments can be made manually to PMT 3 and 
detected using the electronic readout during the fine adjustment. 
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Having concluded the coarse adjustment, Figure 2.3 shows what the optical system should look 
like. 
 
Figure 2.2  PMT 3 placed along the x-axis of instrumental scheme.  
The image of fluorescence is to be manually detected using a white 
piece of paper, and PMT 3 can be moved along the z-axis to be 
aligned with the image.  The image is then to be centered along the 
y-axis using the knobs on the CO optic mount to minimize divergence 
in the y-direction. 
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The distinctive feature of fine alignment is this process requires the use of the PMT 
signal readout as opposed to a visual determination of where the collected fluorescence is 
appearing on the PMT to facilitate in the alignment procedure.  Due to both the high 
concentration of the fluorescein used (500 μM) and the high laser power (current set at 21 A), 
the lowest possible PMT gain settings are to be used.  Typically, PMT 3 has a 25% control 
voltage setting and a 4700 pF capacitance setting.  Upon entering these values in the control 
software, the resultant signal will be in the range of 1400 to 1500 counts after having previously 
Figure 2.3  MC-CE LIF optical system layout at the conclusion of 
coarse alignment.  Although this image shows PMTs 1 and 2 in place, 
only PMT 3 should be installed at this point.   
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attenuated collected fluorescence directly at the center of the circular PMT detection window.  
Using a ruler and a black marker, it is essential to determine the height at which this optimal 
irradiation upon the PMT detection window occurs.  Once this height is determined, both 
dichroic beam splitters (D1 and D2, respectively) must be set at this height.  Since the Plexiglas 
box utilizes holes for the installation of all mounted optics, it is easy to determine correctly the 
appropriate positioning of D1 and D2 along the x-axis so that they are collinear with PMT 3.  D1 
should be placed approximately 1” behind the CO and D2 should be placed approximately 4” 
behind the CO.  Due to the quality of the dichroic mirrors (scratches, accumulated dust, and 
additional wear and tear), the readout for PMT 3 generally drops by 100 counts.  Figure 2.4 
represents the configuration of the optical system at the conclusion of these steps. 
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It is essential to determine the divergence of the collected light in the y- and z-axes.  
This can be done by visually inspecting fluorescence at different points along the beam path.  
Since D1 and D2 are already collinear with PMT 3 along the x-axis, they serve as excellent 
indicators of divergence along these axes as one can prop the white paper next to them and 
ascertain how far the light is from the center of the dichroic.  Although it is not imperative for 
the collected fluorescence to irradiate the center of the beam splitters, the alignment 
procedure has been constructed as such because the outside edges of the dichroic optics are 
comparatively more damaged than the center.  If the divergence is significant, i.e. the beam 
Figure 2.4  MC-CE LIF optical system layout after collinearity along x-
axis is established for PMT 3, D2, and D1.   
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moves further to the left as you go further down the x-axis or the beam tends to move either 
up or down as you move along the x-axis, the parameter that needs to be modified is the tilt of 
the CO in the respective dimensions.  Both these knobs can be found on the CO itself and must 
be iteratively adjusted until the collected fluorescence is at the same position at the center of 
D1, D2, and PMT 3.  After the adjustment of the beam divergence in the y- and z-axes, it is 
possible to have lost the original alignment that gave the maximal signal on PMT 3.  To restore 
that signal, PMT 3 can be manually adjusted left or right and up or down.  After this coarse 
manipulation, the corresponding knobs for changes in the y- and z-axes on the CO can be 
manipulated for finer changes along these dimensions.  Once collinearlity is achieved in all 
three axes for D1, D2, and D3, PMT 1 and PMT 2 are to be installed.   
PMT 1, designated for the collection of fluorescence from 250 nm to 310 nm, should be 
placed approximately 6” to the left of D1 along the z-axis and PMT 2, designated for the 
collection of fluorescence from 310 nm to 400 nm, should be placed approximately 3” to the 
right of D2 along the z-axis.  The overall distance of each PMT to the CO is approximately 7” to 
8”, thereby allowing the signal received by each channel to be comparable to the others.  
During the first stage of fine alignment, PMT 1 and PMT 2 are to have the same laser and gain 
settings as PMT 3 except for the capacitance; PMT 1 and 2 typically have the capacitance set at 
470 pF.  The dichroic mirrors are then turned at a 45 degree angle to direct the fluorescence to 
the corresponding PMT.  The manipulation of angle is to be done in the dark where the 
detectors are turned on; the correct angle/position of the dichroic will correspond to the 
maximal signal on its corresponding PMT.  This process should be first performed on D1 and 
then D2.  Once all three PMTs have been aligned using 500 μM fluorescein, it is essential to 
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align at the subsequent concentration, 50 μM.  Note that this is an essential step in the 
alignment process—as one decreases the concentration of fluorescein, one also decreases the 
thickness of the stream being irradiated by the laser.  By exciting molecules of the fluorophore 
closer to the center of the stream, a more precise alignment is attained.  Since the 
concentration is being dropped, the laser and PMT settings are also changed to allow for 
appropriate detection.  To do this, however, one must eliminate all stray light that can enter 
the optical system.  For this, the Plexiglas box must be made light proof, as demonstrated by 
Figure 2.5.  The light from the monitor must also be blocked out, and this is done by putting a 
cardboard box covering on the screen with an appropriate cut out that only allows for 
observation of PMT signal. 
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All three PMTs are set at 470 pF capacitance and 70% gain (the settings used for an 
actual CE-LIF experiment).  The laser power is brought down to a current of 8 A, which 
corresponds to ~0.75 μJ/pulse.  Note that this is significantly lower than the laser energy used 
in an experiment.  Again, the reason behind this setting is similar to the reasoning behind using 
progressively lower concentrations of fluorescein after each round of alignment.  The goal is to 
Figure 2.5  MC-CE LIF optical system after being made light proof.  
This step is essential as alignment at lower concentrations of 
fluorescein require higher PMT gain settings, which are extremely 
sensitive to external light.  Picking up of background light by the 
PMTs at these steps hinders precise alignment of the system. 
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achieve the finest possible alignment, and using a lower laser power allows for less 
fluorescence to accumulate and is conducive of finer manipulation of parameters during the 
final stages of fine alignment.  A useful step before loading the subsequent concentration of 
fluorescein is to purge the capillary with water, as molecules of fluorescein have a tendency to 
adhere to the capillary walls.  This can be done by applying a syringe of water and applying 
hand pressure for 5-10 minutes.  In more extreme cases, which tend to manifest themselves 
when aligning after several hours, it may become necessary to use 0.1 M NaOH or even 1 M 
NaOH to re-generate the surface of the capillary.  Once one clears the capillary of 500 μM 
fluorescein, one can proceed with alignment at 50 μM.  The alignment procedure for both 50 
μM and 5 μM is essentially the same—the only parameters to be modified now are the 
positioning of the cuvette along the x-axis and y-axis (capillary height).  Once signal is optimized 
in each PMT using this procedure, one can proceed for testing of LODs using standards. 
2.4 Operation 
A complete CE experiment using this system requires the completion of several steps, 
where each will be outlined with diagrams in this section—capillary installation, general 
preparatory work, setting sheath flow rate, monitoring current (also known as a blank run), 
injecting sample, operating software, adjusting high voltage, data analysis.   
2.4.1 Capillary Installation 
Although section 2.3 discusses in great detail the process for the optimization of 
alignment, this section presents a streamlined procedure that is predicated on an 
effectivealignment that has already been previously established.  Thus, the instructions in this 
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section are for the replacement of a capillary that is broken, riddled with bubbles, clogged with 
cellular debris, or have another defect that is affecting the proper functioning of an 
electrophoretic run with a concise and quick approach to attain optimal fluorescence without 
the hassle of deconstructing the entire system and aligning from scratch.  As a prerequisite to 
installation, the replacement process of a capillary must also include how to cut and prepare a 
capillary that is to be installed on the MC-CE LIF system, which is also outlined in this section. 
The first step in the installation of a capillary is knowledge of how to prepare a new 
capillary.  The capillaries used on the MC-EE LIF system are purchased from Polymicro 
Technologies.  This system utilizes capillaries that are 360 μm in OD and 50 μm in ID.  The 
length of a capillary to be cut is measured using a meter stick.  The typical lengths used for the 
experiments on this system range from 115 to 125 cm.  After having measured the appropriate 
length of the capillary, one is to cut the fused silica capillary using a rectangular ceramic cutter.  
The ceramic cutter is held at a 45 degree angle and gradually increasing pressure is to be 
applied for 3-5 seconds (Figure 2.6). 
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After cutting, simply use hand pressure to break the capillary at the point where the cut 
is made.  The capillary tip should be flat, like the top or bottom of a cylinder.  It is good practice 
to also cut the other end of the capillary, as another user may have used the capillary supply 
and made an incision not according to the protocols presented here.  Once both ends are 
inspected using a magnifying glass to have a relatively even surface, one can proceed with 
burning off the capillary coating at both ends (one end for the detection window and the other 
for the injection end).  Using a lighter, one is to burn 2-3 cm of the polyimide coating.  After 
Figure 2.6  Capillary preparation.  A rectangular ceramic block is used 
to cut a capillary.  The incision is made my applying pressure at the 
location of the cut for 3-5 seconds.  After the incision is made, the 
capillary is snapped using hand pressure. 
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heating the capillary, one must apply methanol to a Kim-wipe and rinse the residues of the 
polyimide coating.  This must be repeated at both ends. 
After having prepared the detection window and injection ends of the capillary, the 
capillary must be threaded through the mount and into the cuvette chamber, as shown in 
Figure 2.7. 
 
 
 
 
 
Figure 2.7  Installation of capillary into cuvette chamber.  The 
capillary must first be threaded with the appropriate Leur-Lock 
fittings, which is shown in the first picture.  The aperture for the 
cuvette on the mount is then identified.  Finally, the capillary is 
threaded through and tightened using a wrench. 
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One should use the metal ring of the CO to ascertain how far down the capillary is to be 
threaded; typically, the capillary is threaded such that it is collinear with the bottom of the 
circular metal ring found at the center of the CO, as shown in Figure 2.8. 
 
 
 
 
The exact height will be ascertained correctly during the alignment process.  Once 
installed, the fittings on the mount are tightened using a wrench. 
Figure 2.8  Figure showing the depth at which capillary is threaded into 
cuvette chamber.  The bottom of the ring of the CO is used to ascertain 
an approximate position.  The correct positioning will be determined 
during alignment using the PMTs.   
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At this point, the sheath liquid container is to be filled with water, which will then be 
supplied to fill all the lines and cuvette.  It is important to note that the alignment process 
requires there to be a constant flow of water as the “sheath” liquid, instead of buffer.  The 
sheath buffers used for this system typically create cloudy precipitate when mixed with 
fluorescein, and this can create adverse effects for the alignment process, particularly via 
capillary clogging.  The flow rate of the sheath liquid is set at 0.2 mm/second, which is the same 
as the flow rate of the sheath liquid in the actual CE run.  To see how to set the flow rate of the 
sheath liquid, refer to Section 2.4.3.   
Once water is flowing through the cuvette and all lines connected to it, the injection end 
of the capillary is threaded with the appropriate Leur-Lock fittings so that a syringe can be 
attached to it and supply liquid to the capillary.  Alignment must first be done with 500 μM 
fluorescein.  After attaching the syringe to the capillary and applying a rubber band to push the 
solution through, an intense stream of fluorescein will appear in the cuvette, as previously 
demonstrated with Figure 2.3.1.  The thickness of this stream makes it extremely easy to 
ascertain the approximate height of the capillary along with the appropriate positioning of the 
capillary along the x-axis.  As previously mentioned, however, this alignment in itself is not 
sufficient as one is only aligning the outside of the stream as opposed to the center.  The laser 
can now be used to ascertain where the incident radiation is hitting the stream of fluorescein, 
as shown in Figure 2.9. 
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The PMTs can now be used to locate the best height and the best position along the x-
axis, where both knobs use to modulate these positions are shown in Figure 2.10.   
Figure 2.9  Capillary adjustment procedure.  Initially, one is to 
ascertain the approximate correct height of the capillary, whereby 
the incident light from the laser will hit the stream of fluorescein, 
resulting in bright fluorescence that can be detected by the eye even 
with ambient light on.   
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After finding these positions using 500 μM fluorescein, flush the capillary with a syringe 
of water for 10 minutes, and apply the syringe of 50 μM fluorescein.  Again, we improve the 
accuracy of the alignment gradually by making the fluorescein stream progressively narrower 
by going down in concentration.  Once the optimal height and x-axis position is attained with 50 
μM, repeat the water flush of the capillary and then attach a syringe of 5 μM fluorescein.  Thus 
far, a rubber band was used to supply continuous pressure that drove liquid through the 
capillary.  The same is to be done with 5 μM of fluorescein; however, when the optima are 
attained, take the rubber band off the syringe and align the height and x-axis position.  The 
Capillary 
height 
X-axis 
position 
Figure 2.10  Knobs used to find positioning of capillary height and 
position along x-axis resulting in optimal fluorescence.   
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purpose of this is to make the eluting sample stream from the capillary even narrower, thereby 
improving the quality of the alignment even further.  Once this is completed, use a fresh syringe 
of water to begin the conditioning of the capillary for a CE run.   
2.4.2 General Preparatory Work 
2.4.2.1 Buffer Preparation  
The two most commonly used buffers for this instrument are citric acid buffer (typically 
used as the sheath buffer) and borate buffer (typically used as an electrophoresis buffer).  The 
latter is also used to supply the sheath buffer in the analysis of ROS (see chapter 3).  Citric acid 
buffer is prepared by dissolving 5.2535 g of citric acid monohoydrate powder in 1.0 L of 
ultrapure deionized water.  This solution is then sonicated for 1 hour and degassed using a 0.22 
μm syringe filter.  Similarly, borate buffer requires dissolving 3.0 g of boric acid powder and 9.2 
g of sodium tetraborate crystals in 1.0 L of ultra-pure water, followed by sonication for 1 hour 
and degassing.   
2.4.2.2 Micro and Nanovial Maintenance 
Microvials are custom-made metal containers used for the storage of electrophoresis 
buffer (typically 50 mM borate buffer, pH 8.8) during the CE run.  The design of the microvial 
allows for storage of up to 1 mL of solution.  The buffer in the microvial is usually replaced after 
3-5 runs, which is the amount of time typically observed to see significant deviations in 
electrophoretic migration time.  Replacing electrophoresis buffer prevents the buffer solution 
from losing its buffer capacity.  In aqueous solution, the electrolysis of water produces H2 from 
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H3O
+
 at the cathode and O2 from OH
- at the anode, thereby electrochemically inducing a pH 
change.  This pH change is what then adversely affects the reproducibility of the pH run.   
Nanovials are used for the storage of analytes during the conventional injection process (non-
single cell injections).  Typically, 3-4 μL of analyte solution is to be dispensed into the bevel of 
the nanovial.  Figure 2.11 shows a picture of both the microvial (A) and the nanovial (B). 
 
 
 
  
Figure 2.11  (A) Microvial, which is used to contain the 
electrophoresis buffer during a CE run and (B) nanovial, which is 
used to hold analyte during the injection process.  Note that the 
correct end of the nanovial has a bevel, which is used to retain the 
analyte during injection.  
A B 
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The cleaning procedure for the micro and nanovials is also important, as proper cleaning 
and storage helps minimize contamination thereby improving the quality of one’s experiment.  
Used micro and nanovials should be placed in a clean beaker, which is then filled with 50% 
water and 50% methanol or acetone.  The beaker containing the vials is to then be sonicated 
for 30-60 minutes.  Both the microvials and nanovials should also be cleaned before being used 
for a run.  To do this, clean the vial by rinsing it with methanol and drying it using compressed 
air.  This is to be repeated three times. 
2.4.2.3 Capillary Conditioning 
A capillary is to be conditioned both upon installation and before daily use.  A properly 
conditioned capillary helps ensure the uniformity of charge along the surface of the capillary, 
which is essential for attaining stable and reproducible electrophoretic runs.  For this system, 
the capillary is flushed with H2O for 10 min using a Leur-Lock syringe attached to the capillary 
with a rubber band being used to provide pressure for fluid flow.  Then, a syringe of 0.1 M 
NaOH is used in the same manner, and the capillary is to be washed for 10 minutes.  Finally, the 
electrophoresis buffer is used to wash the capillary for 30 minutes.  Note that it sometimes may 
become necessary to flush the capillary NaOH to regenerate the surface of the capillary when 
sample may adhere to the wall of the capillary.  Alignment using high concentrations of 
fluorescein (50 to 500 μM) for more than 1-2 hours certainly can cause the aforementioned 
phenomena; also, there are instances where working with biological sample (cellular lysates 
and/or individual cells) where this can happen.   
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2.4.3 Flow Rate 
The flow rate of the sheath buffer requires one to have prepared 1.0 L of sheath buffer, 
where 500 mL are dispensed into the sheath buffer container and 500 mL are dispensed into 
the waste container.  The waste container must also contain electrically conductive fluid as the 
sheath flow waste container completes the CE circuit via a stainless steel cylindrical block that 
receives its power from a Glassman High Voltage power supply, with a total amount of voltage 
of -30 kV.  Note that a funnel connected to PVC tubing is used when dispensing sheath liquid 
into the sheath liquid container to prevent bubble formation in the liquid transfer process.  
These bubbles are notorious for creating current drops or stifling any fluorescence signal if they 
attach to the detection window.  
In addition, it is essential to clear any bubbles from the tubing that connects the sheath 
buffer to the cuvette and then the cuvette to the waste by pushing 5-15 mL of buffer using a 5 
mL Leur-Lock syringe.  These will be seen emerging from into the waste container below the 
sheath buffer container.  The flow rate is kept at 0.2 mm/s for all experiments.  The sheath 
buffer flow is driven using gravimetric flow and could be adjusted using a right angle switching 
valve from Upchurch Scientific, as shown in Figure 2.12. 
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2.4.4 Current Stabilization and the Initial Buffer Run 
After having aligned the system, the only major impediment to the proper performance 
of a CE can manifest itself with current.  This can be due to several reasons, such as bubbles 
within the capillary or lesions within the capillary.  Therefore, it becomes imperative to check 
the stability of current before sample injection.  To do this, one must simply set up the entire CE 
Figure 2.12  Setting flow rate.  On the left is a flow regulating 
switching valve.  This valve is to be rotated such that the one 
observes 1 droplet every 10 seconds eluting out into the waste 
(shown on the right), which corresponds to a flow of 0.2 mm/sec.  
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circuit.  The injection end of the capillary must be immersed in the electrophoresis buffer using 
a microvial (note that after injection, which uses a nanovial, one must place the capillary back in 
this buffer), the detection window must not have any visible bubble formation at the tip (this 
can be checked using a flashlight and visualizing the area of the CO, and the metal cylinder must 
be placed in the waste container).  The high voltage source is turned on, and a current meter 
placed within the Plexiglas box housing the sheath liquid and waste is to be read.  There will be 
a unique current readout depending on which buffer one uses.   Typically, the current should be 
between 10-30 μA for the typical buffers used for analysis of ROS and pineal samples (50 mM 
borate, pH 8.8 will be ~ 17 μA for ROS analysis and 25 mM citrate, pH 5.5 will be ~ 30 μA for 
pineal analysis).  Before proceeding to a CE run, this must be kept stable i.e. no fluctuations in 
current beyond 0.1 to 0.2 μA, which is normal upon turning on the high voltage.  Running the 
system for approximately 5 seconds also allows one to ascertain the presence of bubbles; if 
there are bubbles present in the capillary, the current will drop to 0 μA.  Figure 2.13 shows 
what the CE circuit should look both at the capillary inlet and waste reservoir ends. 
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2.4.5 Sample Injection 
This section will describe how to inject samples using a nanovial.  The subsequent 
chapter deals with single cell injections with HL-60 cells, so this discussion will only cover how 
to handle injections of bulk solution i.e. standards or cell lysates.  Once the current is 
determined to be stable, a clean nanovial is to be placed within the injection port.  Using a 
Figure 2.13  Complete CE circuit.  The injection end of the capillary is 
immersed in the electrically conductive buffer microvial reservoir 
and the waste end contains electrically conductive sheath fluid.  A 
metal cylinder placed in the latter is connected to the power supply.    
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pipette, one should dispense approximately 2-4 μL of sample into the nanovial to create the 
same shown in Figure 2.14.   
 
 
 
 
 
 
 
Figure 2.14  Analyte droplet in nanovial.  A 3.5 μL droplet of analyte 
is shown in this figure.  It is important to note the shape of the 
sample dispensed in the nanovial—a droplet typically bigger than 
this does not hold well and tends to burst, requiring a repeat 
dispensing of analyte in a new nanovial and cleaning the hole that 
houses the nanovial with methanol and compressed air.   
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It is important to have the correct droplet formation as one can easily dispense liquid 
and have it dissipate down the injection port causing contamination and/or not having the 
proper surface area contact with the tip of the capillary, which may allow for air to enter the 
capillary.  The latter is particularly dangerous as the process of changing capillaries can become 
extremely time consuming and cumbersome as it requires a re-alignment of the system.  Once 
the analyte forms the correct droplet shape, one can remove the capillary from the microvial 
and adjust it so that it comes in contact with the droplet sitting on top of the nanovial, as 
demonstrated in Figure 2.15.  Again, it is imperative to not knock over the liquid, smash the 
capillary into the bottom of the bevel of the nanovial, or inject air—the capillary should be 
approximately enter about half way into the droplet.  This understanding can be acquired 
through several practice runs and can be verified using a magnifying glass.   
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With the capillary properly submerged in the droplet containing the analyte, one is to lower the 
waste container by 32.5 cm.  Lowering it for 30 seconds corresponds to an injection of 14.7 nL.  
Once the time elapses, the waste container can be put back in its original configuration, the 
current meter should be turned on, and the door housing the sheath and waste should be 
closed.  The inlet of the capillary should be placed back into the microvial, and the door housing 
Figure 2.15  Capillary immersed in nanovial containing analyte.  
Clearly, it is essential for the capillary to be placed inside the droplet 
so that injection may take place, however, it is equally important to 
not smash the capillary tip into the bottom of the bevel of the 
nanovial.   
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the microvial and capillary inlet must also be closed.  The sample has been injected, and now 
one must proceed to the software. 
2.4.6 Laser and Software Operation 
Turn the key on the laser to switch it on and start the laser software.  After opening the 
DUV Software Version 15 on the desktop, the USB mode is to be selected.  The first screen that 
needs to be adjusted controls the laser settings found the Laser Data tab.  The laser current 
should be set between 8 and 14 A, depending on the experiment (the former for ROS studies 
and the latter for pineal cells).  All other settings of the laser should remain the same.  The next 
tab that should be opened configures the PMTs, which is called the PMT Data tab.  The board of 
each PMT must be reset using the appropriate button.  The capacitance is set at 470 pF for all 
three PMTs.  The gain voltage is typically set at 70% for all three PMTs.  Finally, the run rate 
should be configured to read 3 Hz.  A total of 5000 counts should be collected, corresponding to 
an experimental run time of 27.7 minutes.  The “Saturation Warning” button needs to be unset, 
as there may be analytes that are capable of saturating the PMTs.  If this button is set, then the 
entire run can be compromised in case of particularly bright fluorophores.  The data cache 
should be cleared, thus clearing any previous data.  A new file should be created.  Once the file 
is created, one can turn off all lights in the room, turn on the PMTs, and proceed to 
manipulating the high voltage. 
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2.4.7 Application of High Voltage 
All experiments on this system utilized -30 kV.  It is critical to note that although the box 
containing the instrument and its components itself is non-conductive (essential to the proper 
functioning of the housed detection optics i.e. PMTs and corresponding circuit boards), the 
problem of spurious arcing still plagued earlier designs of the system, thus requiring several 
modifications to the components holding the optics in place, including screws, mounts, and 
grounding wires when using voltages this high.  The control box is set at the maximum voltage 
and flipped on.  At this point, the CE run will proceed for 27.7 minutes.  Once the run is over (a 
timer is useful for determining this), the high voltage is to be turned off and the PMT detectors 
are shut down.   
2.4.8 Data Analysis 
The data output file can be opened using Microsoft Excel, which was used as the 
primary data analysis program.  Once the file is opened, columns A-D must be identified, as 
they contain the data that is to be analyzed.  All the other columns contain information that can 
be noted by hand as the settings for the system, which one actually set when configuring the 
software.  All other columns can be discarded.  Column A contains the time count, which are 3 
counts per second.  Therefore, to change column A to time in seconds, simply divide this 
column by 3.  Columns B, C, and D correspond to the PMT readouts for PMTs 1, 2, and 3, 
respectively.  A simple scatter plot can be constructed using this data, where the proper labels 
are entered manually. 
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3 Measurement of Reactive Oxygen Species (ROS) and Cellular Response of GSH via 
Fluorescent Derivatization using Multi-Channel Capillary Electrophoresis Laser Induced 
Fluorescence (MC-CE LIF) 
Notes and Acknowledgements 
This chapter describes a collaborative effort between the Sweedler group (represented 
by myself and Jonathan Sweedler) and the Brenner team  (represented by Guy Garty, M. 
Buonnanno, D.J. Brenner, and Sánchez-Mayoral at the Radiological Research Accelerator Facility 
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3.1 Introduction 
Reactive oxygen species (ROS) have a diverse role in the proper functioning of cellular 
processes, which can manifest in proper phagocytic function, signal transduction and cell cycle 
control.1  However, depending on the cell’s exposure to ROS in terms of quantity and duration, 
ROS can lead to cell arrest and, in some cases, apoptosis.  Both in the cases of ROS’ critical role 
and possible deleterious effects, numerous molecular players are in involved, ranging from 
enzymes such as superoxide dismutase (SOD) to small molecules such as the tripeptide 
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glutathione (GSH).  Our understanding of ROS function within the cell is evolving, and the is 
study presented here seeks to ascertain the amount of exogenous ROS present within a cell 
after several treatments in addition to a quantitative measurement of cellular response to ROS 
production. 
Phagocytic cells produce ROS as a natural part of their bactericidal function when the 
cell is under attack.  Phagocytic cells utilize the function of NADPH oxidase heavily in fulfilling 
this task.  Known as the “respiratory burst” due to increased consumption of oxygen by the 
phagocytic cells, NADPH oxidase uses molecular oxygen to create hydrogen peroxide.2   NADPH 
oxidase is a multicomponent enzyme that changes conformation between its active and resting 
state.  When activated, it serves as an H+ ion channel; with an activating stimulus, these protons 
react with molecular oxygen to induce the formation of hydrogen peroxide. 
ROS also play a critical role in signal transduction, where different molecules are capable 
of transducing signals for essential cellular functions.  ROS like superoxide and hydrogen 
peroxide are capable of working with anti-oxidant enzymes to turn other enzymes on and off 
using redox signaling, very much like the cAMP second messenger system.3   Another ROS, nitric 
oxide, can function as a cell to cell messenger with the potential to lower blood pressure of an 
organism.3 
The ability of ROS to participate in redox signaling for the cell cycle shows the 
tremendous and dynamic role ROS can play in proper cellular function.  The mitogenic signaling 
of ROS begins with the accumulation of cyclins and the subsequent activation of cyclin kinases.4   
Specifically, a series of cascades are initiated via the activation of cyclin-cyclin kinase complexes 
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in which the retinoblastoma protein is phosphorylated leading to the proliferation of hydrogen 
peroxide by enzymes like NADPH oxidase.5   At this point, nM increases in the concentration of 
hydrogen peroxide leads the cell to re-enter the cell cycle whereas sustained higher doses than 
this can lead to cell arrest or apoptosis.  As a form of “cellular oversight,” cells employ 
peroxiredoxin molecules, which serve as binding molecules for critical receptors to modulate 
excessive binding (and response) of ROS.6   
Indeed, the deleterious effects of exposure to ROS are also well documented.  It is most 
critical to note that the nature of a cell’s response to ROS production depends on both the 
latter’s strength and duration; as previously illustrated, nM secretions of ROS are critical in 
signaling a response for the cell to enter and progress in the cell cycle.  Conversely, there are 
cases where either the strength and/or the duration of the ROS production are so high that the 
cell leaves the cell cycle to enter the G0 (non-growth phase), is arrested in one particular phase 
of the cell cycle, or, in the most dire cases, apoptosis mechanisms are triggered leading to cell 
death.7-9   For example, sufficient exposure to ROS in cycling cells can lead to the activation and 
subsequent production of the proteins p21 and p53, which are used to dephosphorylate the 
protein retinoblastoma; this event causes the cell to become arrested in the S-phase of the cell 
cycle.8   The expression of the protein p27 has a similar result; this protein’s production leads 
the cells to be arrested in the G1 phase of the cell cycle.
8   
The deleterious impact of ROS on the organism can manifest itself by creating molecular 
lesions within several classes of molecules, which include unsaturated lipids, proteins, and DNA, 
with the latter being the most serious.  DNA lesions manifest themselves as DNA double strand 
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breaks, which ultimately result in chromosomal breaks due to the accumulation of ROS clusters 
and their subsequent attack on the DNA.10   Several molecules have been mentioned that are 
capable of monitoring and modulating the function of ROS like peroxiredoxins and NADPH 
oxidase, but the cell also possesses a wide variety of molecules that are capable of neutralizing 
the effect of ROS in a variety of different ways.  One can categorize these “anti-ROS” molecules 
in the following two broad classes: enzymes and non-enzymatic small molecules.   The former 
includes several critical enzymes like SOD, catalase, and glutathione peroxidase.11  SOD is able 
to convert the ROS superoxide into hydrogen peroxide, which can be further broken down by 
the enzyme catalase into molecular oxygen and water; hydrogen peroxide can also be 
neutralized using glutathione peroxidase, where the enzyme catalyzes the ROS conversion into 
alcohols.1    
Non-enzymatic small molecules are also highly capable of neutralizing ROS.  Vitamins C 
and E both demonstrate the capability of reducing ROS; the lipid solubility of the latter suggests 
its critical role in neutralizing ROS in cell membranes.1  However, the focus of this study is on 
glutathione (GSH), which is considered to be the most important intra-cellular defense against 
the deleterious effects of ROS.1  Glutathione is a non-enzymatic small molecule that can fulfill 
its function of neutralizing the deleterious effects of ROS in the following ways: it is capable of 
ameliorating molecular lesions via proton donation (as in the case of DNA); it is capable of 
reducing peroxides; and it is capable of maintaining thiol functional groups in the reduced state 
for other proteins and enzymes that are both responsible for protecting the cell against ROS 
and other important functions maintaining cell metabolism.10   The thiol group of glutathione 
affords it a high degree of nucleophilicity and reactivity with free radicals.  This group is also the 
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source of GSH’s ability to donate hydrogen atoms to molecular lesions.  GSH’s structure also 
allows it to serve as a substrate for protective enzymes such as GSH peroxidase, GSH s-
transferase, and glyoxylase, thus giving it an edge over other thiol based scavengers like 
cysteamine and WR-271.12   In addition, GSH plays an essential role in maintaining the correct 
redox state of thiois in critical proteins for cell metabolism and even DNA repair, such as with 
DNA polymerase α and ribonucleotide reductase.13-14 
Previous methodologies using separation methods such as high performance liquid 
chromatography (HPLC) and capillary electrophoresis (CE) have been able to employ various 
methods to detect ROS, but to attain a holistic understanding of relationship between oxidants 
and antioxidants in the cellular environment due to stress from ROS, one needs an analytical 
method both capable of measuring intracellular concentrations of ROS and the subsequent 
biological response.  Previous studies using HPLC have been able to separate and detect GSH 
using both electrochemical and spectrofluorimetric detection; with CE, UV spectrophotometry 
and laser induced fluorescence (LIF) have been used.11   Ultimately, this study seeks to measure 
directly the oxidant (ROS) and antioxidant (GSH) balance with the aid of intracellular redox-
sensitive fluorogenic probes.  In addition, the molar ratio of GSH and its dimerized form GSSG 
will provide a dynamic measure of the anti-oxidant shifting between its active and “used” form. 
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3.2 Materials and Methods 
3.2.1  Chemicals 
All reagents obtained from Fisher Scientific. 
Stock solution concentrations: 
Reagent Concntration Solvent 
Rhodamine 123 / 
Dihydrorhodamine 123 
25mM DMSO 
Dihydroethydium 30mM DMSO 
GSH/GSSG 3.25mM (1mg/ml) 0.1M HCL+2mM EDTA 
NDA 5mM DMSO 
H2O2 100mM H2O 
 
Rhodamine/DHR test samples were diluted to the appropriate concentration in 50 mM 
pH 8.8 borate buffer, made from mixing 3.0 g of boric acid and 9.2 g of sodium tetraborate in 
1.0 L of ultrapure water. 
GSH-NDA was prepared by mixing 4:4:1:1 of GSH stock : Borate buffer : NaOH (1N) : 
NDA stock. 
3.2.2  Cells 
Two types of cells, AG1522 and HL60, were used and both obtained from ATCC.  
The AG1522 cells are an adherent human fibroblast cell line. These cells have a very low 
background ROS and so can be used as negative controls for the DHR measurement. These 
were used for the lysate studies. 
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HL60s are a human leukemia cell line. These are non-adherent cells and are thus 
convenient for cell picking experiments. As these are rapidly proliferating cells, they have a high 
level of mitochondrial ROS and can be used as a positive control for the DHR measurements.    
Cells were grown, in the medium recommended by ATCC, in Tissue culture flasks at 37°C 
5% CO2. Cells were split every 2-3 days to maintain log phase growth. 
Cell staining was performed by adding 1:1000 stock solution (NDA, DHR or Rh123) to the 
cell medium and incubating for 30 minutes. Following this cells were washed 2-3 times in either 
PBS or fresh medium. For the HL60 cells washing consisted of centrifugation (13kRPM for 2-3 
minutes) and aspiration of the supernatant, and addition of fresh medium to the pellet. For 
AG1522s centrifugation was not necessary.   If necessary, H2O2 was added to cells at a final 
concentration of 1mM.    
Preparation of cellular lysates was done by adding 3 µl cell suspension to 100µl lysis 
buffer (90:9:1 Methanol : Water : Formic Acid), followed by mechanical mashing and 
centrifugation at 13kRPM, 4°C  for 5 minutes. Only the supernatant was analyzed.    Cellular 
irradiations for the lysate studies were performed at the nuclear radiations laboratory to Doses 
of 3, 10 and 30 Gy using a Co-60 irradiator. 
3.2.3 Electrophoresis  
 Both the sheath flow and electrophoresis buffers were 50 mM borate buffer, pH 8.8.  
The flow rate was maintained at 0.2 mm/s for each experiment.  The negative voltage for 
electrophoresis was applied to the sheath flow waste container via a stainless steel cylindrical 
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block that received its power from a Glassman High Voltage power supply, with a total amount 
of voltage of -30 kV.  The sheath buffer was driven using gravimetric flow and could be adjusted 
using a right angle switching valve from Upchurch Scientific.  The laser pulse was maintained at 
0.75 μJ/pulse (corresponding to a laser current of 8 A).  The capillary dimensions were 50 μM 
for inner diameter, 360 μM for outer diameter, and 125 cm in length.  Both standard samples 
and lysates were injected hydrodynamically using nanovials that supplied the analyte and by 
lowering the sheath flow waste outlet by 32.5 cm for 30 sec, which corresponded to an 
injection of 14.7 nL.  The capillary was conditioned at the advent of the day with 0.1 M NaOH 
for 15-20 minutes, flowed by water for 5 minutes, and then electrophoresis buffer for a 
minimum of 5 minutes. 
3.2.4 LIF Detection System 
The excitation source is provided by a HeAg hollow cathode ion laser with emission at 
224.6 nm, which corresponds to the deep UV.  Internally, the light is spectrally filtered using a 
four-bounce mirror configuration, which is attached to the front of the laser head.  The 
resultant beam is immediately directed to two UV-coated mirrors configured to create a “z-
shaped” beam path.  Following reflection off of the second mirror in this configuration, incident 
light is brought into a laboratory-built light proof non-conductive box and breadboard.  It is 
critical to note that although the box itself was non-conductive (essential to the proper 
functioning of the housed detection optics i.e. PMTs and corresponding circuit boards), the 
problem of spurious arcing still plagued earlier designs of the system, thus requiring several 
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modifications to the components holding the optics in place, including screws, mounts, and 
grounding wires.   
Once the collimated incident light is introduced into the aforementioned box, it is 
focused using a plano-convex lens, termed FO (focusing optic), to a 50 μm spot below the outlet 
of the capillary for irradiation of the fluorescent analytes in a custom-built sheath flow cell.  The 
subsequent emission of light by these molecules is collected and collimated by a 15x all-
reflective objected, termed CO (collection optic).  Previous studies using this system 
implemented a capillary outlet that had been etched using HF into a cone shape, but the 
analysis of ROS in this chapter did not use this experimental scheme.  The resultant 
fluorescence is directed towards two dichroic mirrors.  Light reflected off of the first dichroic is 
collected by PMT 1, thereby creating the first wavelength channel.  This channel measures 
emission from 250 nm to 310 nm and is termed “blue” for being blue shifted.  Light transmitted 
through the first dichroic mirror and is reflected off the second dichroic mirror is collected by 
PMT 2.  This channel measures emission from 310 nm to 400 nm and is termed “green” for 
being intermediate in its red shift.  Finally, the light transmitted through the second dichroic is 
collected by PMT 3, which effectively leads to the creation of the third channel.  This channel 
measures all fluorescence above 400 nm and is termed “red” for being most red shifted.  
Software provided by Photon Systems Inc is used to control both the laser and the PMTs.  
Greater detail on the operation of the system is included in Chapter 2. 
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3.2.5 Single Cell Injections 
 Single cell injections required several additional pieces of equipment not described in 
Section 2.2.3, which articulates the basic procedure for injection of lysates and standard 
samples.  Glass cover slips from Corning were placed onto the stage holder of an AxioObserver 
microscope.  A volume ranging from 2.5 μL to 100 μL was pipetted onto the coverslip; note that 
the volume dispensed depended entirely on how concentrated the sample needed to be; when 
desiring dilute samples, a solution with 2.5 μL of cells was pipetted and 100 μL of PBS was 
added to ensure the sample did not dry up.  When very concentrated samples were desired, an 
aliquot of 100 μL was simply added to the cover slip.  Once cells were located using the 
microscope, the capillary, which was previously immersed in a microvial containing the 
electrophoresis buffer, is quickly threaded through an acetal resin cylinder, which is 6” long and 
has a 1/16” diameter hole drilled through the center, and attached to the micromanipulator.  
The micromanipulator is then used to position the capillary such that it becomes visible along 
the plane of the cells.  A monochrome CMOS camera attached to the microscope housing with 
a 1x C-mount is critical in the visualization process, as one is able to see both the cells and 
capillary on the computer screen.  Once the capillary is brought into the same plane as the cells, 
the sheath buffer can be lowered by 32.5 cm until one visually confirms the aspiration of a 
single cell.  Figure 3.1 is an image captured that confirms this approach.  Once the cell is 
aspirated out of solution and into the capillary, the sheath buffer is raised back to its initial 
position thus preventing any additional cells from being aspirated, and the acetal resin cylinder 
is propped using an alligator clip holder vertically inside a microvial containing the 
electrophoresis buffer. 
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Figure 3.1  Photo of a single HL-60 cell being aspirated out of 
solution and into the capillary.   
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3.3 Results and Discussion 
This section provides an analysis of the data collected using the CE-LIF system for 
standards, positive controls, and bulk and single analyses of ROS formation and glutathione 
oxidation. 
3.3.1 Overview of Experimental Mechanism 
The structure of glutathione is presented in Figure 3.2.  The molecule is a tripeptide, and 
plays a significant role in protecting a cell against oxidative damage in the presence of ROS. 
 
 
In the presence of ROS, GSH creates a disulfide bond with another GSH molecule to 
form a dimer.  The molar ratio of the two forms can be used as a quantitative indicator of 
cellular response to oxidative stress.  The dimerized form is presented below in Figure 3.3. 
 
 
 
Figure 3.2  Glutathione in its reduced form, denoted as “GSH.”   
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Neither of these species natively fluoresce; therefore, detection using CE-LIF 
necessitates the use of a fluorescent tag.  Using the fluorescent tag 2,3-
napthalenedicarboxaldehyde (NDA), one can impart fluorescence to GSH to form a fluorescent 
isoindolic adduct, which is represented by Figure 3.4.  Note that NDA only reacts with GSH to 
form the fluorescent molecule as the thiol group is critical in formation of the ring adduct.  Such 
chemistry is not possible with GSSG, as the thiol is being “used up” in the formation of the 
disulfide bond.     
 
 
Figure 3.3  Glutathione in its oxidized form, denoted as 
“GSSG.”  GSSG is a dimer that is the result of a disulfide bond 
between two molecules of GSH. 
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Although the molar ratio of GSH and GSSG serves as a quantitative measure of cellular 
response to oxidative stress, another approach was coupled with this experiment for the 
indirect measurement of ROS formation via fluorescent detection.  This was done by using the 
dihydro derivatives dihydroethidium (DHE) and dihydrorhodamine (DHR).  This assay was 
designed to measure the ROS yield, which complements the information provided by the molar 
ratio of GSH and GSSG, which is a measure of cellular response to ROS formation.   Both were 
tested in the preliminary experiments that measured fluorescence in standards and cell lysates.  
DHE gave unsatisfactory results (possibly due to the fact that it only fluoresces when bound to 
DNA).  DHR-123 was selected for use in the second set of experiments.  Note that both DHE and 
DHR are not natively fluorescent; it is only after exposure to ROS do they assume the 
fluorescent form.  Figure 3.5 shows the molecular structure of both the inactive and fluorescent 
forms of DHR-123. 
Figure 3.4  Reaction between GSH and NDA to form the 
fluorescent isoindolic adduct.  Since NDA requires the thiol 
functionality of glutathione to be available for reaction, NDA 
cannot be used to detect GSSG directly.   
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Measuring oxidative stress in HL-60 cells using the aforementioned approach required 
the completion of the following successive steps—(1) measurement of fluorescence in 
standards, (2) measurement of fluorescence in cell lysates (using a cell line that has naturally 
high  ROS expression within mitochondria), and (3) measurement of fluorescence in single cells 
stained with Rh-123 (positive controls) and single cells stained with DHR 123 and NDA 
before/after treatment with H2O2 as the ROS source. 
3.3.2 Measurement of Fluorescence Signal using Standards 
The first set of experiments needed to demonstrate the PMT based CE-LIF system 
possessed the capability of detecting the fluorescent species in this study.  The species that 
were to exhibit fluorescence were Rh-123 and the GSH-NDA complex.  Figure 3.6 shows the CE-
LIF electropherogram for 25 μM of Rh-123.  At these high concentrations, Rh-123 forms a 
dimer, which is why two peaks are observed in the spectrum.  
Figure 3.5  Formation of the fluorescent form of DHR-123 
after exposure to ROS. 
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Figure 3.6 CE-LIF electropherogram representing a separation 
of 25 μM Rh-123 with the following conditions: 50 mM borate 
buffer, pH 8.8 (electrophoresis buffer), 50 mM borate buffer, 
pH 8.8 (sheath buffer), -30 kV (separation voltage), 3 Hz(laser 
repetition rate), 100 μs (laser pulse length), 8 A (laser current), 
420 V (laser BUSS voltage), 470 pF (PMT gain), 70% (gain 
voltage), 70 μs (PMT integration time). 
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The CE-LIF system utilizes a 224 nm HeAg laser as its excitation source used in this 
experiment and was initially designed for the analysis of indoleamines and catecholamines, and 
the closer overlap between the laser wavelength and the S2  S0 transition in catecholamines 
and indoleamines afforded a larger absorption cross-section compared with the S1S0 
transition, thereby granting this system superior performance in the detection of these two 
classes of molecules.15   The use of dichroic mirrors helped collect fluorescence into three 
effective “channels.”  The first channel collected fluorescence in the 250 nm to 310 nm 
wavelength range (termed “blue channel” for being blue shifted); the second channel collected 
fluorescence in the 310 nm to 400 nm wavelength range (termed “green channel” for being 
intermediate in its shift along the EM spectrum); and the third channel collected fluorescence in 
the 400 nm and above wavelength range (termed “red channel” for being red shifted).  
Although  both the GSH-NDA complex and Rh-123 exhibit a λexc far closer to 500 nm as 
demonstrated by figure 3.7, which shows the fluorescence excitation and emission spectra for 
both species, a secondary excitation maximum occurs at 245 nm thus making this laser a viable 
excitation source for the LIF of these molecules.16-17  Thus it is clear that both the main Rh-123 
peak (migration time ~7 minutes) and the dimerized peak (migration time ~10 minutes) will 
both exhibit greater fluorescence in the green channel, which is substantiated by the results 
produced in Figure 3.6. 
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Given that optimal fluorescence excitation was far more red-shifted than the original 
224 nm HeAg excitation source provided, an alternative laser was sought for these studies.  
Thus, a 473 nm DPSS laser was configured onto the PMT-based CE-LIF system to test its 
fluorescence on standard samples and compatibility with the CE system before a complete 
transition were to be made with this laser as the primary excitation source.  Figure 3.8 
illustrates a CE-LIF electropherogram with the DPSS laser as the excitation source.   
Figure 3.7 Fluorescence absorption and emission spectra for 
GSH-NDA complex (left) and Rh-123 (right).16-17 
59 
 
 
 
 
 
 
 
Both Figure 3.6 and Figure 3.8 demonstrate the same spectral features, where the more 
intense peak has the quicker migration time (by ~3 minutes) and is approximately 50% larger 
than the second peak.  The two figures do not produce precisely the same migration time, 
where the difference is ~1 minute.  Differences in capillary length and capillary conditioning are 
viable sources of differences in migration time.  However, the spectra demonstrate different 
information in regards to the fluorescence emission of Rh-123.  As indicated, the spectrum in 
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Figure 3.8 CE-LIF electropherogram representing a separation 
of 250 nM Rh-123 with the following conditions: 50 mM 
borate buffer, pH 8.8 (electrophoresis buffer), 50 mM borate 
buffer, pH 8.8 (sheath buffer), -30 kV (separation voltage), 
37.5 mW (laser power output), 470 pF (PMT gain), 70% (gain 
voltage), 70 μs (PMT integration time). 
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Figure 3.6 is predicated on a multi-channel fluorescence detection scheme where the “blue 
channel” represents fluorescence collected from 250 nm to 310 nm and the “green channel” 
represents fluorescence collected from 310 nm to 400 nm.  Consistent with the information 
from Figure 3.7 one expects a greater fluorescence signal to occur in the green channel.   
The information provided by Figure 3.8 uses a modified excitation source and 
instrumental scheme—both dichroic mirrors that lead to the separation of the wavelength 
channels are removed and instead, a wavelength filter is placed in front of a single PMT.  In this 
scheme, the wavelength filter blocks out all scattered laser light so that only fluorescent 
emission data will be collected.  The preliminary data that utilized this scheme in the detection 
of Rh-123 demonstrated stronger fluorescence than with the 224 nm HeAg laser as the 
excitation source; however, additional experiments with NDA-GSH complexes both in standards 
and homogenates did not give any appreciable signal (data not shown).  There were additional 
difficulties with cancelling out background noise that would often overshadow the intensity of 
the analytes’ fluorescence.  Therefore, the original instrumental scheme of a multi-channel CE-
LIF configuration with multiple PMTs and dichroic beam splitters was chosen.  It is important to 
note that at the time the data for Figure 3.6 was collected, the third PMT was sent in for repair 
at the manufacturer.  All future data depicted in this exposition includes the third “red” 
channel.  This is important as the optimal fluorescence for detection of GSH-NDA and Rh-123 
actually occurs in the red channel given the spectral information provided in Figure 3.7. 
Because the alignment procedure for the modified detection scheme differs from what 
was well established for this system (as in section 3.2.3), it is entirely possible that the DPSS 
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configuration and alignment was not explored as thoroughly and thus gave weaker signal.  
Given the inability of the DPSS laser and single PMT configuration to give sensitive detection of 
the NDA-GSH complex either in standard or bulk biological samples, it was essential that the 
original MC-CE LIF PMT based configuration be able to do so.  Re-installing the essential 
components for this configuration included the two dichroic beam splitters and three PMTS for 
detection in the blue, green, and red channels and the removal of the wavelength filter, the 
DPSS laser, and its associated optics.  Since Rh-123 was already detected in standard samples, 
the NDA-GSH complex remained to be detected.  Figure 3.9 shows a MC-CE LIF 
electropherogram where a solution of 1 mM GSH (simulative of native concentrations of GSH 
within the cellular environment) has been stained with 500 μM NDA. 
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This standard run shows that mM quantities (characteristic of inter-cellular 
concentrations) of GSH are detectable using the MC-CE LIF system when stained with the dye 
NDA, which provides confidence that cells stained with NDA could also exhibit fluorescence and 
thus be detected using this instrumental scheme.  The peak occurs at ~18 minutes and exhibits 
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Figure 3.9 CE-LIF electropherogram representing a separation 
of 1 mM GSH stained with 500 μM NDA with the following 
conditions: 50 mM borate buffer, pH 8.8 (electrophoresis 
buffer), 50 mM borate buffer, pH 8.8 (sheath buffer), -30 kV 
(separation voltage), 3 Hz(laser repetition rate), 100 μs (laser 
pulse length), 8 A (laser current), 420 V (laser BUSS voltage), 
470 pF (PMT gain), 70% (gain voltage), 70 μs (PMT integration 
time). 
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fluorescence in all three channels.  The brightest fluorescence occurs in the red channel, as 
expected given the information provided by Figure 3.7.  Given that both GSH-NDA and Rh-123 
can be detected effectively in solution using standards with the MC-CE LIF system, the next step 
was to characterize these fluorescent species in cellular lysates i.e. with multiple cells that have 
been lysed and homogenized in an extraction solution. 
3.3.3 Measurement of Fluorescence Signal using Bulk (Multiple) Cell Solutions 
The step preceding the detection of GSH-NDA and Rh-123 in a single cell is the detection 
of these species in a solution containing multiple cells that have been lysed and homogenized.  
In this experiment, a human lymphocyte (HL-60) cell line derived from acute leukemia was 
used.  As cancer cells, these cells have a very active metabolism, thus their mitochondria are 
replete with ROS.  Figure 3.10 shows this cell line stained with NDA and DHR-123 but not 
treated with any exogenous source of ROS (e.g. H2O2) and the resultant fluorescence captured 
using a camera adjusted to the microscope providing the image.  
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Figure 3.10 shows conspicuous fluorescence even without the addition of H2O2, thus 
demonstrating DHR-123 has been activated into its fluorescent form of Rh-123.  Hypothetically, 
a CE-LIF electropherogram from this sample would demonstrate two peaks: one from the Rh-
123 occurring ~9 minutes and a second one from the GSH-NDA complex at ~18 minutes.  Upon 
addition of H2O2, the fluorescence from the Rh-123 would dramatically increase and one would 
observe a dissipation of the GSH-NDA complex as GSH would form the GSSG dimer in the 
presence of high concentrations of ROS due to exogenous ROS.  However, no such data was 
taken.  This data would have been a useful comparison in that it shows the “before” scenario 
for the data in Figure 3.11. 
Figure 3.10 Photo taken with a camera attached to a 
microscope depicting resultant fluorescence within HL-60 
cells stained only with NDA and no exogenous source of ROS.  
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Figure 3.11 CE-LIF electropherogram representing a 3 μl cell 
suspension of HL -60 cells into 100 μl lysis buffer (homogenate 
of ~50 cells) with the following conditions: 50 mM borate 
buffer, pH 8.8 (electrophoresis buffer), 50 mM borate buffer, 
pH 8.8 (sheath buffer), -30 kV (separation voltage), 3 Hz(laser 
repetition rate), 100 μs (laser pulse length), 8 A (laser current), 
420 V (laser BUSS voltage), 470 pF (PMT gain), 70% (gain 
voltage), 70 μs (PMT integration time). 
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An appropriate comparison data set would highlight the very essence of this 
experiment: before addition of ROS, DHR-123 would be in its inactive form and thus 
fluorescence at ~10 min would be nominal, if at all.  Also, there would be strong fluorescence at 
~20 minutes, where GSH-NDA would yield its optimal fluorescence signal.  Upon addition of 
ROS, DHR-123 would be activated to its fluorescent form Rh-123, thus demonstrating a strong 
peak at ~10 min, which is clearly observed in Figure 3.11.  However, the addition of ROS would 
cause the GSH molecules to dimerize and form GSSG.  Thus, the signal at ~20 minutes would 
decrease compared to the signal present before the addition of ROS.  Because no such data is 
taken, one can only speculate that the signal at ~20 minutes would have saturated the detector 
before ROS addition, and after the introduction of ROS via treatment with H2O2, one would 
observe the signal present in Figure 3.11.  Future experiments that utilize multiple cell lysates 
for MC-CE LIF analysis must be able to show this comparison to accurately ascertain the molar 
ratio of GSH to GSSG i.e. a “before” and “after” scenario.  In conjunction with the data 
presented in Figure 3.11, an image capturing the fluorescent cells immediately upon addition of 
100 nM H2O2 is presented in Figure 3.12.  This figure shows that fluorescence intensity was 
greatly amplified with the introduction of ROS via the activation of DHR-123 into its fluorescent 
form.   
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3.3.4 Measurement of Fluorescence Signal using Single Cells 
The ultimate goal of this study was to be able to demonstrate the production of ROS 
and provide a molar ratio of the ROS scavenger GSH between its reduced (fluorescently active 
upon conjugation with NDA) and oxidized (fluorescently inactive) form at the single cell level.  
The initial results were able to achieve the preliminary goal of showing Rh-123 and GSH-NDA in 
a single cell.  These experiments served as a positive control; if Rh-123 would be present in a 
single cell’s electropherogram, then it would be viable to observe DHR-123 activate into Rh-123 
Figure 3.12 Photo taken with a camera attached to a 
microscope depicting resultant fluorescence within HL-60 cells 
stained with NDA and 100 nM of H2O2 as exogenous source of 
ROS.  
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in the presence of ROS in a “before” and “after” set of experiments.  Similarly, it would be 
critical to observe the native signal one would obtain with a cell with native amounts of GSH 
and GSSG without the addition of any ROS.  Then, an experiment would be performed 
observing the “before” and “after” scenario—dissipation of the GSH-NDA fluorescence signal 
due to the production of GSSG upon exposure to ROS.  Figure 3.13 shows a MC-CE LIF 
electropherogram of a single cell stained with both Rh-123 and NDA. 
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Both the Rh-123 peak and GSH-NDA peak are observed in Figure 3.13, migrating at their 
expected times of ~10 minutes and ~18 minutes, respectively.  The red channel gave the 
brightest fluorescence in the GSH-NDA peak, which is expected given the information provided 
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Figure 3.13 CE-LIF electropherogram representing a single cell 
stained with Rh-123 and NDA with the following conditions: 
50 mM borate buffer, pH 8.8 (electrophoresis buffer), 50 mM 
borate buffer, pH 8.8 (sheath buffer), -30 kV (separation 
voltage), 3 Hz(laser repetition rate), 100 μs (laser pulse 
length), 8 A (laser current), 420 V (laser BUSS voltage), 470 pF 
(PMT gain), 70% (gain voltage), 70 μs (PMT integration time). 
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in Figure 3.7.  However, it is not clear whether the red channel gave the maximum signal for the 
Rh-123 peak for two reasons.  Firstly, all three channels are saturated so it is not possible to 
ascertain the maximum fluorescence intensity quantitatively.  Secondly, the baseline for all 
three channels is different.  In the case of the blue channel, the baseline is almost 5 times 
higher (15000 compared to 3000).  Ultimately, it is clear that both peaks are present within the 
single cell.  Additional peaks are also observed.  Given the electropherogram is from a cell that 
lysed within the capillary and contains more molecular constituents than the ones sought after, 
it is possible that NDA may have attached to another thiol containing amino acid side chain thus 
forming the fluorescent isoindolic adduct.  The peaks at 21, 23, and 25 minutes were also 
observed in other samples replicating this same experiment (data not shown).   
The next set of data sought would show a cell stained with DHR-123 (fluorescently 
inactive form) and NDA to create GSH-NDA (fluorescently active form of the ROS scavenger).  
Because no exogenous ROS source would be used, the only anticipated peak would be that of 
GSH-NDA, occurring at ~18 minutes.  This data was collected the day following the collection of 
Figure 3.12.  Figure 3.14 shows the electropherogram of a cell stained with DHR-123 and NDA 
before exposure to exogenous ROS.   
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Although one peak is evident in the green channel at ~17 minutes, it is absent in both 
the red and blue channels.  The fluorescence data from Figure 3.7 asserts that the GSH-NDA 
peak will demonstrate optimal fluorescence at higher wavelengths; all other figures collected in 
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Figure 3.14 CE-LIF electropherogram representing a single cell 
stained with DHR-123 and NDA (no exogenous source of 
ROS)with the following conditions: 50 mM borate buffer, pH 
8.8 (electrophoresis buffer), 50 mM borate buffer, pH 8.8 
(sheath buffer), -30 kV (separation voltage), 3 Hz(laser 
repetition rate), 100 μs (laser pulse length), 8 A (laser current), 
420 V (laser BUSS voltage), 470 pF (PMT gain), 70% (gain 
voltage), 70 μs (PMT integration time). 
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this study show the same pattern.  Thus, the peak present in this diagram is likely from some 
type of artifact within the cell, but not the GSH-NDA peak that was sought.  Other data from 
this day of runs possessed similar issues of odd peaks that were far lower in intensity than the 
runs from the previous day.  Theoretically, figure 3.14 was anticipated to contain an intense 
peak in all three channels (with the brightest fluorescence in the red channel) representing the 
GSH-NDA fluorescent complex.  This would then be compared with the following figure, Figure 
3.15, which was for a single cell run where the cells in mixture were stained with DHR-123 and 
NDA but then treated with 100 nM H2O2 for creation of ROS within the cellular environment.   
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Again, the only spectral feature seen in a single channel—this time, the blue channel 
exhibits an upward shift after 17 minutes.  Theoretically, this figure was supposed to show a 
peak at ~10 minutes for Rh-123 (the active fluorescent form after being oxidized by ROS) and at 
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Figure 3.15 CE-LIF electropherogram representing a single cell 
stained with DHR-123 and NDA and treated with 100 nM H2O2 
with the following conditions: 50 mM borate buffer, pH 8.8 
(electrophoresis buffer), 50 mM borate buffer, pH 8.8 (sheath 
buffer), -30 kV (separation voltage), 3 Hz(laser repetition rate), 
100 μs (laser pulse length), 8 A (laser current), 420 V (laser 
BUSS voltage), 470 pF (PMT gain), 70% (gain voltage), 70 μs 
(PMT integration time). 
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~18 minutes, which would represent the GSH-NDA complex.  Unfortunately, both before and 
after treatment with ROS showed no salient spectral features aside for the anomalous peak in 
the green channel and the upward shift in the blue channel, respectively.  Therefore, an 
appropriate comparison cannot be made showing the conversion of GSH-NDA to the dimerized 
GSSG due to increased concentrations of ROS within the cellular environment.  The reason as to 
why this occurred is most likely due to the capillary being thrown off alignment.  During the 
single cell injection portion of the experiment, it is plausible that the capillary may have been 
pulled too hard while trying to manipulate it into the holder that allows for positioning with the 
microscope.  By pulling the capillary such that the magnetic mount holding the detection 
window portion of the capillary in the quartz cuvette, one can easily throw the system off 
alignment.  A control experiment was performed, which contained a cell stained with Rh-123, 
and even that cell exhibited nominal fluorescence, which is depicted in Figure 3.16.   
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Given the conditions the cell was exposed to, one would anticipate a peak at ~10 
minutes showing the Rh-123 peak and a peak at ~18 minutes representing the GSH-NDA 
complex.  Neither is visible in this electropherogram.  Instead, there is a broad peak in both the 
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Figure 3.16 CE-LIF electropherogram representing a single cell 
stained with Rh-123 and NDA and treated with 100 nM H2O2 
with the following conditions: 50 mM borate buffer, pH 8.8 
(electrophoresis buffer), 50 mM borate buffer, pH 8.8 (sheath 
buffer), -30 kV (separation voltage), 3 Hz(laser repetition rate), 
100 μs (laser pulse length), 8 A (laser current), 420 V (laser 
BUSS voltage), 470 pF (PMT gain), 70% (gain voltage), 70 μs 
(PMT integration time). 
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blue and green channels indicative of several peaks co-eluting.  Thus, it is not possible to assign 
an identity to the spectral signature in Figure 3.16.  The explanation posited previously 
regarding a possible system misalignment is the most logical in light of the data presented in 
this figure, as it was supposed to be a control experiment showing an intense peak at ~10 
minutes. 
3.4 Conclusions and Future Work 
While great progress was made in performing small volume (and single cell) 
measurements, more work is required to complete the project.  Ultimately, the goal of 
demonstrating the creation of ROS through an appearance of an Rh-123 signal where the 
original reagent used to stain the cells was DHR-123 and ascertaining a molar ratio of GSH to 
GSSG in a single cell was not possible.  However, many important steps were achieved in 
attaining the aforementioned goal.  The MC-CE LIF configuration that used three PMT channels 
to detect fluorescence after analytes were irradiated with a 224 nm HeAg pulsed laser was fully 
capable of detecting standards, bulk (multiple cell lysate) samples, and single cells.  
Furthermore, the fluorescence data was consistent with the fluorescence excitation and 
emission data presented in Figure 3.6.  Finally, the positive control experiments both in multiple 
cell lysate and single cells demonstrated conspicuous peaks that were identified as the analytes 
of interest. 
There are two experiments that need to be completed.  First, the “before” counterpart 
of Figure 3.11 must be obtained.   Here, a multi-cell lysate that has been stained with DHR-123 
and NDA would be analyzed using this experimental scheme.  The resultant electropherogram 
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would ideally show a small peak at ~10 minutes, representing some of the DHR-123 molecules 
activated into Rh-123 due to the ROS present in the mitochondria of the highly metabolically 
active HL-60 cells and much larger peak at ~18 minutes, showing the GSH-NDA complex.  This 
second peak could serve as a direct comparative with the data presented in Figure 3.11 in the 
ascertainment of a molar ratio between GSH-NDA (glutathione in its reduced form) and GSSG 
(the dimerized and oxidized counterpart). 
The second experiment would effectively be a repeat both of Figure 3.14 and Figure 
3.15.  A successful completion of this experiment would help attain the original goal of the 
study.  To prevent encountering the same problems plaguing the aforementioned data sets, it 
would be critical to run standard samples of both GSH-NDA and Rh-123 at the advent of the day 
to make sure the system is exhibiting proper fluorescence intensity for both analytes.  If the 
signal is sufficient, one can proceed onto the data collection of the single cells.  However, in the 
case the signal lacks the appropriate strength, a brief alignment procedure could be performed 
to get the system running optimally again. 
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